The hot flow stress of a typical stainless steel was modeled by the Hollomon equation, a modified form of the Hollomon equation, and another modified form based on the Fields-Backofen equation. The coupled effect of the deformation temperature and strain rate was also taken into account in the proposed formulae by consideration of the Zener-Hollomon parameter or dependency of the constants on temperature. The modified Fields-Backofen equation was found to be appropriate for prediction of flow stress, in which the incorporation of peak strain and consideration of temperature dependencies of the strain rate sensitivity and the stress coefficient were found to be beneficial. Moreover, the simplicity of the proposed model justifies its applicability for expressing hot flow stress characterizing dynamic recrystallization (DRX).
Introduction
Hot working plays a crucial role in the industry for the production of materials with appropriate shape, mechanical properties, and microstructure. The prediction of hot flow stress is considered to be important because mathematical simulation of the forming processes needs accurate flow description [1] [2] [3] [4] [5] [6] . As a result, considerable research has been carried out to propose suitable constitutive models for representation of flow stress based on strain rate, strain, and temperature [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The basic approach for flow stress modeling has been proposed by Hollomon as r ¼ ke n , where n is called the work-hardening coefficient and k is known as the stress coefficient [21] . Obviously, the effects of temperature and strain rate should be incorporated in n and K. Another approach is based on the consideration of the strain rate sensitivity (m) as proposed by Fields and Backofen [22] , which can be expressed as r ¼ Ke n _ e m . The Fields-Backofen equation considers the effect of strain rate by the strain rate sensitivity. Therefore, for including thermal effects, the dependency of its constants on temperature should be examined. Yet another famous form of constitutive equations has been proposed by Johnson and Cook [23] by multiplying work-hardening, strain rate hardening, and thermal softening terms. However, the uncoupled nature of this approach makes it unsuitable for modeling of flow stress at elevated temperatures [24, 25] . Usually, in hot working studies, the coupled effect of strain rate and temperature is considered in a temperature-compensated strain rate parameter known as the Zener-Hollomon parameter (Z) [26] .
An important point regarding the mentioned methods is that these models are based on flow hardening and cannot show the softening parts of the flow curves at high temperatures. In fact, the occurrence of DRX can lead to the appearance of a peak point (in the single-peak behavior), and finally, can result in flow softening until reaching the steady-state stress [27] [28] [29] [30] . Therefore, the flow softening should also be taken into account.
In the present work, the hot flow stress of a typical stainless steel has been modeled by the Hollomon equation, a modified form of the Hollomon equation, and another modified form based on the Fields-Backofen equation. The coupled effect of the strain rate and deformation temperature was also considered in the proposed formulae using various ways.
Experimental Details
Cylindrical specimens with the height of 11.4 mm and diameter of 7.6 mm were machined from the AISI 630 (17-4 PH) stainless steel with chemical composition (wt.%) of 15.14 Cr-4.53 Ni-3.4 Cu-0.25 Nb-0.03 C. The austenitization treatment was carried out at 1100 C for 15 mins and the samples were then cooled down to deformation temperature and soaked at that temperature for 5 mins before compression experiments. The hot compression tests were performed under strain rates in the range of 0.0001-0.1 s À1 at deformation temperatures of 900-1100 C using an Instron universal testing machine.
3 Results and Discussion 3.1 Flow Behavior. The hot flow curves at different deformation conditions are shown in Fig. 1 . The curves exhibit typical single-peak DRX behavior. In the case of single-peak behavior, new cycles of DRX initiate before completion of the first one and the stress-strain curve will represent the averaged strength of grains at different stages of DRX process in the form of a broad peak. Therefore, there are a hardening part and a softening part in the DRX flow curves. It can also be seen that the deformation temperature and strain rate significantly influence the flow stress.
As it is evident form Fig. 2 , nucleation occurs along original grain boundaries (known as the necklace mechanism [6, 15] ). The DRX process continues until the completion of the first layer of necklace structure to cover the entire grain boundary. Subsequently, additional layers form between the recrystallized and unrecrystallized portions. In this way, it is possible to refine the grain size.
Basic Constitutive Analysis.
The most widely applied method in the literature for basic constitutive analysis in hot working is the modeling of flow stress using the expressions which relate flow stress to Z as shown in Eq. (1), in which Q is known as the deformation activation energy, _ e is the strain rate, T is the absolute temperature, and A, A 0 , A 00 , n, n 0 , b, and a are the material's parameters [31] [32] [33] [34] . The stress multiplier (a) should be adjusted to bring ar into the correct range that gives linear and parallel lines in ln_ e versus lnfsinhðarÞg plots and it can be esti-
By consideration of peak stress, the power law, and the exponential law, the slopes of the plots of ln_ e versus ln r P and ln _ e versus r P can be used for estimating the values of n 0 (n 0 ¼ ½@ ln _ e=@ ln r P T ) and b (b ¼ ½@ln_ e=@r P T ), respectively. The required plots are shown in Fig. 3(a) and the subsequent regression of the data resulted in the value of a % b/ n 0 % 0.011 MPa À1 . By taking natural logarithm from the hyperbolic sine equation and partial differentiation, the activation energy can be expressed as Q ¼ R½@ln_ e=@lnfsinhðar P Þg T ½@lnfsinhðar P Þg=@ð1=TÞ _ e . It follows that the slopes of the plots of ln_ e versus lnfsinhðar P Þg and lnfsinhðar P Þg against 1/T can be used for obtaining the apparent values of Q. This latter plot is shown in Fig. 3(b) and the linear regression of the data resulted in the average value of 417.6 kJ/mol. Now, the Zener-Hollomon parameter can be determined, which will be required for subsequent analysis.
The value of 417.6 kJ/mol for deformation activation energy deviates largely from the self-diffusion activation energy, which is reported to be 280 kJ/mol [20] . Although the hot working activation energy depends on the material being considered, it is usually referred to as an apparent value, because no account is generally taken of the internal microstructural state and it is only derived from an Arrhenius plot with a linear range and the assumption that the microstructure remains constant. The hot working activation energy values are often much larger than any imagined atomic mechanism. Based on the flow mechanisms at elevated temperatures, it is possible to consider physically based material parameters in the constitutive description of Eq. (1) as demonstrated by Mirzadeh and other researchers for different materials [2, 11, 15, 20, 24, 30, [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Modeling by the Hollomon Equation.
Taking natural logarithm from both sides of the Hollomon equation results in lnr ¼ lnk þ nlne. Therefore, the slope and the intercept of plots of lnr versus lne give n and ln k, respectively. Since the Hollomon equation, due to its parabolic hardening behavior, can only model the hardening part of the flow curve, it is required to apply this equation before and after the peak point separately. As a result, four constants (n 1 , n 2 , k 1 , k 2 ) are required, where subscripts 1 and 2 denote to before and after the peak point, respectively. These calculations were performed for all flow curves and the results are shown in Fig. 4 . As can be deduced from Figs. 4(a) and 4(b), it is not possible to correlate n 1 and n 2 with Z. Therefore, the average values of 0.13 and À0.075, respectively, for n 1 and n 2 were taken for flow stress modeling. Conversely, as shown in Figs. 4(c) and Figure 5 shows the comparison of calculated and experimental flow stress for some representative curves using Eq. (2). As can be seen, there is a large gap between the hardening and softening parts of the modeled flow curves at the peak point. It can be easily imagined that by putting e P into both expressions of Eq. (2), the level of peak stress will not become necessarily the same. Visual examination aside, the ability of the model can be better evaluated by calculating the percentage of the average relative absolute error (AAE) and the root mean square error (RMSE) using the following formulae:
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where t i is the actual value and y i is the corresponding value obtained from the model. The average RMSE and AAE for this method are 12.68 MPa and 7.13%, respectively. Therefore, it can be concluded that this method is not an optimized one for flow stress modeling.
Modification of the Hollomon Equation by
Incorporating Peak Strain. As it was shown in the previous part, there is a gap in the modeled curves at the peak points. As will be shown in the following, by incorporating peak strain (e P ) into the Hollomon equation, this problem can be solved. Therefore, Eq. (5) was proposed
For hardening and softening parts of flow curves, n 1 and n 2 are necessary and it is easy to see that incorporating e P does not change their values. At the peak point, by putting e ¼ e p , the term ðe=e p Þ n becomes equal to one. Therefore, there will be a unique k value for each flow curve, and hence, k 1 ¼ k 2 . In this way, the problem at the peak point will be solved. Now, by taking natural logarithm from both sides of Eq. (5), the relation of the form lnr ¼ lnk þ nflnðe=e p Þg can be determined. As a result, the slope and the intercept of the plots of lnr versus lnðe=e P Þ give n and ln k, respectively. The k values for all flow curves were determined and related to Z as shown in Fig. 6(a) . As a result, the relation of the form k ¼ k 1 ¼ k 2 ¼ 0:622Z 0:15 was determined. Conclusively, the following equations can be proposed for flow stress modeling: r ¼ 0:622Z 0:15 ðe=e P Þ 0:13 () e e P r ¼ 0:622Z 0:15 ðe=e P Þ À0:075 () e ! e P (
Figure 6(b) shows the comparison between the calculated flow stress and the experimental one for some representative curves using Eq. (6). As shown, there is no gap at peak points. Moreover, the RMSE and AAE were determined as 9.2 MPa and 6.85%, respectively. It can be seen that error values have been reduced significantly, which shows that this modification is beneficial. However, to get better results, it seems required to increase the complexity of the model. So, in Sec. 3.5, a modified form of the Fields-Backofen model will be considered, in which the effect of strain rate will be incorporated by multiplying _ e m .
Modified Fields-Backofen Equation.
The Fields-Backofen equation of the form r ¼ ke n _ e m was modified as r ¼ kðe=e p Þ n _ e m . The peak strain was incorporated into the formula to solve the problem at the peak point, as mentioned in Sec. 3.4. Evidently, n 1 and n 2 are the same as those obtained in the previous parts and k 1 ¼ k 2 . In this case, the slope and the intercept of plots of ln r versus ln_ e gives m and ln k þ n lnðe=e P Þ, respectively. To eliminate the influence of n and e on k, the plots of ln r P versus ln _ e were considered. As a result, the intercept gives ln k þ n lnðe P =e P Þ ¼ ln k. The required plots at different deformation temperatures are shown in Fig. 7(a) . As can be seen, the intercept of the lines vary with the temperature and the slopes also slightly depend on the temperature. Therefore, m and ln k were considered to be dependent on the temperature. These dependencies are shown in Fig. 7(b) . As a result, the relations m ¼ 0:1215 ln T À 0:7294 and ln k ¼ À5:3282 ln T þ 43:441 were determined. Conclusively, the following equations can be proposed for modeling and prediction of flow curves: r ¼ kðe=e P Þ 0:13 _ e m () e e P r ¼ kðe=e P Þ À0:075 _ e m () e ! e P ln k ¼ À5:3282 ln T þ 43:441 m ¼ 0:1215 ln T À 0:7294 Figure 8 shows the comparison between the calculated flow curves and the experimental ones for some representative curves using Eq. (7). As shown, the modified Field-Backofen equation gives much better results. Moreover, the RMSE and AAE were determined as 6.38 MPa and 5.68%, respectively. These low error values show that the developed formula is appropriate for modeling and prediction of flow stress. These advantages combined with the simplicity of the model justify the applicability of this model for expressing hot flow stress.
Conclusions
The hot flow stress of a typical stainless steel was modeled by the Hollomon equation, a modified form of the Hollomon equation, and another modified form based on the Fields-Backofen equation. The findings can be summarized as follows:
(1) Modeling by the Hollomon equation resulted in large gaps between the hardening and softening parts of the modeled flow curves at the peak point. The incorporation of the peak strain was found to be useful to amend this problem. As a result, much better prediction ability was achieved by implementation of the equation of the form r ¼ kðe=e p Þ n . (2) The modification of the Field-Backofen equation by incorporation of peak strain and consideration of temperature dependencies of the strain rate sensitivity and the stress coefficient is an appropriate and simple method for modeling and prediction of hot flow stress. As a result, the proposed constitutive equation can be summarized as follows: 
